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In the present paper, we propose a method to assess the risk of a secondary arc on a solar array in orbit based on
statistical theory. Ground experiments have been carried out to investigate the statistics of temporary-sustained-arc
duration. We have found that secondary-arc duration can be modeled as a combination of multiple Poisson
distributions. Once we know the formula of the Poisson distribution, we can easily calculate the probability of a
secondary arc lasting longer than an acceptable limit. The quantity of secondary-arc-duration data needed to deﬁne
the Poisson distribution formula has been discussed. Assuming that thousands or tens of thousands of primary arcs
occur in orbit, if the average duration of secondary arcs in the test is less than 5% of the acceptable limit for
secondary-arc duration, we can greatly reduce the number of experimental trials to 10 or less in most cases.
Nomenclature
CBC = bypass capacitance
Cext = external capacitance
C1, C2, C3 = string capacitance
Eb = electron beam energy
Ipeak = peak current
Isc = short-circuit current of solar array strings
IST = string current
I1 = power supply constant current
k = number of bins
n = number of trials in a test
Pc = conﬁdence level
Pd = defect rate
Pi = probability that an event occurs in the ith bin
Pt = probability to deny a hypothesis based on t
distribution
Ptarc = probability that the temporary-sustained-arc
duration exceeds tarc
Rb = bias power supply protecting resistance
RL = load resistance
Tend = end of blowoff current
t = Student’s t distribution function
tarc = duration of the temporary sustained arc
tc = critical temporary-sustained-arc duration
V = variance of tarc
Vb = bias voltage
VST = string voltage
V2 = constant-power-supply voltage
yi = number of events in the ith bin
 = parameter in a Poisson distribution
 = true mean of a Poisson distribution
2 = chi-square for the 2 test
I. Introduction
S INCE the end of the 1990s, the sizes of geostationarycommercial satellites have increased drastically to respond to the
demand for greater communication capacity. Satellite power levels
have also increased dramatically, and nowadays a satellite with more
than 10 kW of power is very common. Satellite operational voltage
(bus voltage) has also increased to generate and deliver power
efﬁciently. Historically, the bus voltage used to be 28 or 50V. Today,
many satellites are operated at 100 V.
Once a satellite surface is charged and the potential difference
between the surface insulator and the conductor exceeds a certain
value, electrostatic discharge (ESD) may occur at the so-called triple
junction at which the insulator, conductor, and plasmameet. A small
seed of electrostatic discharge may trigger a secondary phenomenon
that can destroy the solar array circuit [1]. Therefore, such an ESD is
referred to as a primary discharge. When the conductor polarity is
negative with respect to the insulator, the ESD resembles a vacuum
arc in which cathode spots are formed on the conductor surface.
Thus, when the conductor is more negative than the insulator [a
condition called inverted potential gradient (IPG)], we call the
primary discharge a primary arc. When a primary arc occurs at the
gap between adjacent solar cells, as shown in Fig. 1, the arc may
short-circuit the two solar cells. Once a short circuit occurs, the solar
array, a dc power supply, can constantly provide energy to the arc
plasma and sustain the arc. At this stage, the discharge is an arc
discharge in which several amperes of current ﬂow with several tens
of voltage drop. The current is almost equal to the short-circuit
current of the solar cell string. This stage of arc is generally called a
secondary arc.
Figure 2 illustrates the deﬁned stages of primary discharge (arc)
and secondary arcs. The primary-arc current is supplied by the charge
stored on the capacitor between the spacecraft body and the ambient
plasma (absolute capacitance) and on the capacitor between the
spacecraft insulator (e.g., a cover glass) and the spacecraft body
(differential capacitance). Therefore, the primary discharge current
waveform is essentially a pulse. In Fig. 2, Isc represents the short-
circuit current of one or more of the solar array circuits. A
nonsustained arc (NSA) is a secondary arc that lasts only during the
primary discharge. It ends when the primary discharge stops. A self-
sustained arc is a secondary arc that lasts longer than the primary
discharge. A temporary sustained arc (TSA) is self-sustained, but it
stops by itself even though the solar array power is still available. A
permanent sustained arc (PSA) is an arc that does not stop while the
solar array power is available. A PSA can last for a period of seconds
or longer.
In laboratory tests, it is often difﬁcult to judge whether a given
secondary arc is a TSAor a PSA. The criteria are somewhat arbitrary,
as we usually turn off the external power supply before we can
conﬁrm whether the secondary arc continues forever. For a
conventional type of solar array, however, a very long secondary arc
willmove to the next stage eventually. The intense heat in the vicinity
of the secondary arc creates a highly conductive path by pyrolizing
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materials around the discharge site. The pyrolized insulator leaves a
permanent conductive path. Even after the arc ceases spontaneously
or forcibly, the solar array circuit remains short-circuited to the solar
panel. Therefore, we should consider a TSA to be as dangerous as
PSA when it is longer than a certain duration that may permanently
damage the nearby insulator.
Figure 3 shows that the TSA duration depends on the current
available from the solar array [2]. In this ﬁgure, TSA duration was
measured between triple-junction solar cells separated by 1.0mm for
different voltages and external capacitances providing energy to a
primary arc. A capacitance of 5 nF corresponds to approximately
63 mJ. The horizontal axis represents the current provided by an
external power supply simulating the working solar array string in
orbit. The error bars indicate the maximum and minimum. Note that
the upper error bars exceeding 1000 s are beyond the oscilloscope
range. Therefore, the true maximum values are longer than those
shown in Fig. 3. Regardless of the gap voltage and the primary-arc
energy, TSA duration is mostly determined by the current available.
The point to be made here is that TSA duration has an exponential
dependence on the current. In a laboratory experiment, we usually
increase the current stepwise until a sufﬁciently long TSA or PSA
destroys the test piece. It is only amatter of time before the damaging
secondary arc occurs once a TSA longer than 1 ms begins to appear.
Practically, if we see a TSA longer than 1ms, we are very close to the
threshold of the devastating secondary arc. In the experiment in [2],
we indeed found PSAs (longer than 1 s) with a current of 1.5 A (70 V
with 5 nF) and 2.0 A (50 V with 5 and 33 nF, 90 V with 5 nF, and
110 V with 5 nF). We deﬁne the critical TSA duration tc as the TSA
duration over which the occurrence of a PSA becomes only a matter
of time. Reference [2] provides more evidence that 1 ms is a good
indicator of the transition from a TSA to a PSA for a different type of
solar cell and gap distance.
According to [3], 33% of recent satellite failures are attributed to
the malfunction of solar arrays and 18% are attributed to the mal-
function of other elements of the power system. Since the accident on
Tempo-2 in 1997, when the satellite suddenly lost 15% of its total
power due to a sustained arc [1], various research institutions have
carried out ground tests to qualify that a given design for a solar array
has sufﬁcient immunity against the secondary-arc phenomena. The
test methods, however, were not necessarily the same among the
different institutions. A series ofmalfunctions of satellite solar arrays
means that a call for more careful testing is prudent, and the
international atmosphere surrounding geosynchronous-Earth-orbit
(GEO) telecommunication satellites requires a common interna-
tional standard with regard to test methods. Under these circum-
stances, there have been considerable efforts to establish an
international standard for secondary-arc qualiﬁcation testing [4].
One of the biggest issues facing standardization for secondary-arc
testing is how many trials (i.e., primary discharges) do we need to
declare so that a given solar array design can be considered safe from
secondary arcs. In the current version of the proposed International
Organization for Standardization draft on secondary-arc testing [5],
the number of primary discharges shall be at least three or shall be
determined based on statistics. The minimum number of three
primary discharges comes from a history of tests done in several
countries. In the practice of statistics, a very large number of primary
discharges are demanded if we are required to demonstrate that a
TSA with a duration longer than the critical TSA duration tc occurs
with a probability lower than Pd with a conﬁdence level of Pc
through a series of simple yes/no tests. Suppose that we fail the
specimen if we detect a TSA longer than tc during n trials. The
probability that no TSA longer than tc occurs during n trials is given
by 1  Pdn. Thus, the conﬁdence level that the probability that a
TSA longer than tc is less than Pd is given by
Pc  1  1  Pdn (1)
Then the number of trials is given by
n ln 1  Pc
ln 1  Pd 
ln 1  Pc
Pd (2)
where we assumed that the requirement for Pd is very small
(Pd  1). Cho et al. [6] predicted the number of primary arcs for
5 years inGEOat 12,000. Therefore, for a typical operational lifetime
of 15 years in GEO, nearly 36,000 primary arcs will occur. If no TSA
longer than tc is allowed during the lifetime, the probability Pd
should be less than 1=36; 000, which means that the number of trials
n should be nearly 100,000 withPc  0:95. Even if we consider that
primary dischargeswould scatter around awide area on a solar panel,
the number of trials required would still be as large as 100 or even
1000.
There have been several previous reports on secondary-arc tests of
solar arrays [7–13]. In previous works, little attention has been paid
to the importance of statistics in the interpretation of test results,
Fig. 1 Schematic picture of a primary arc and a secondary arc.
Fig. 2 Various stages of a secondary arc. The current Isc represents the
short-circuit current of one or more solar array circuits.
Fig. 3 Dependence of TSA duration on string current. The error bars
indicate the minimum and the maximum. The upper error bars
exceeding 1000 s are beyond the range of the oscilloscope.
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except for some works that had more than 1000 primary discharges,
to follow a logic similar to that in Eqs. (1) and (2). The purpose of the
present paper is to propose a method to determine the number of
primary arcs statistically appropriate for secondary-arc test while
keeping it within a reasonable number. The new method is based on
an idea that not every secondary arc is detrimental to solar arrays.
Only a secondary arc exceeding a certain duration threatens the
insulation of a solar array circuit. Therefore, if we can prove that the
probability of a TSA longer than a predetermined threshold is within
an acceptable level, we can fulﬁll the purpose of the secondary-arc
qualiﬁcation test.
In the present paper, we describe a laboratory experiment carried
out to investigate the statistical distribution of TSA duration. The
duration follows the Poisson distribution surprisinglywell. From this
ﬁnding, we propose a method to derive the number of primary
discharges. In the second section of the paper, we will describe the
experimental setting. The experiment was carried out in a vacuum
chamber equipped with an electron beam to produce the IPG
condition. In the third section, we will describe the results of our
experiment and discuss how accurately the TSA duration follows the
Poisson distribution. In the fourth section, we will discuss the testing
procedure to determine the risk of a devastating secondary arc with a
conﬁdence level based on a statistical theory of t distribution. In the
ﬁfth section, we will conclude the paper with suggestions for future
work.
II. Experimental Setting
We used a cylindrical stainless steel vacuum chamber of 0.6 m in
diameter and 0.9 m in length. Using two turbomolecular pumps, we
can achieve a pressure up to 2  104 Pa. The chamber has an
electron beam at the top to simulate the energetic electrons present
during a substorm in GEO. The maximum energy and current are
30 keV and 300 A, respectively. The chamber also has a
mechanical shutter that can be operated electronically using an
external trigger signal. Inside the chamber, there are infrared lamps
for baking purposes.
In the experiment, we create the IPG by irradiating the coupon
biased to a negative potential, with respect to the chamber wall, with
an electron beam of approximately 5.2 keV energy. Once a primary
arc occurs, we record the voltage and current waveforms in PCs
through high-speed data acquisition (DAQ) boards using programs
written in LabVIEW. The sampling speed varies from 100 kS=s to
20 MS=s with 15 MHz bandwidth. The vertical resolution is 8 bit.
The DAQ board can receive up to 40 trigger signals in 1 s.We do not
miss any ESD event forwhich the frequency is approximately 5Hz at
maximum. There are a total of 8 channels that can carry out
simultaneous data acquisition. We use the rapid voltage rise of the
coupon potential with respect to the chamber wall (the voltage meter
marked in Fig. 4) as a trigger source for the DAQ boards.
When the energy associated with a primary-arc event is high
enough, we can recognize the ﬂash associated with each arc on the
video screen. We record the video during the experiment as a digital
movie on a PC using a supersensitive infrared camera. Using a
computer program developed in-house [14], we can extract frames
with the arc ﬂashes and identify the coordinates of each ﬂash. By
comparing the time of each arc waveform and ﬂash image, we can
identify the waveform and location of each arc. Before and after the
experiment, we scan the coupon surface using an optical microscope
with 60 timesmagniﬁcation. Aswe know the waveform and location
of each arc, we can visually inspect the extent of damage caused by
each arc by comparing the images taken by the microscope before
and after the experiment. In Fig. 5, we show an example of the active
gap (the gap between solar cells in which the voltage difference is
applied) before and after the experiment. In this case, a PSA was
observed at the gap.
In Fig. 6, we show a circuit diagram. For each case in the
experiment, we use two strings of two series-connected cells. The
circuit layout basically follows that proposed by Payan and
Schwander [15]. The dc power supply I1 simulates solar array strings
generating electricity. The power supply must be capable of
reproducing the dynamic response of the array to transient short
circuits, such as a limited overshoot current and fast recovery to the
steady state. We used a combination of current-regulated diodes and
a conventional dc power supply to assure a fast response and a small
overshoot current [16]. The power supply I1 acts as a constant source,
providingwhatwe call the string current IST.We adjust the resistance
RL, which simulates the satellite load, to achieve the desired voltage
between the two solar cell strings, which we call the string voltage
VST. We call the string with a higher voltage than the other string the
hot string. The hot string represents solar cells at a positive potential
with respect to the spacecraft chassis. We call the other string the
return (RTN) string. TheRTN string represents solar cells close to the
spacecraft chassis. Note that in this setting, the solar cells are reverse-
biased and the current ﬂows through a bypass diode.
The dc power supplyV2 acts as a constant-voltage source.Weused
a commercial solar array simulator for this purpose. The voltage of
V2 is lower than that of VST by a few volts. The diodesD2 andD3 act
as switches to provide all the available IST to the arc plasma once its
resistance drops to a signiﬁcantly low value. The diode D1 is
Fig. 4 Schematic picture of experimental setting (CCD denotes a
charge-coupled device and DVD denotes a digital video disk).
Fig. 5 Comparison of a microscope photograph taken of an active gap
at the same point before and after a test. A PSAwas observed in this gap.
The gap shown here is not the one tested in the present paper.
Fig. 6 External circuit diagram.
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introduced to protect I1. The total length of cable from I1 to RL
through the solar cells and returning to I1 was 13 m.
We bias the hot and RTN strings, as well as other circuit elements,
to a negative potential with respect to the chamber wall with a dc
power supply Vb. The negative voltage represents the charging
potential of a spacecraft body. The function of the resistance Rb is to
isolate the power supply from the circuit during the primary
discharge. We can produce IPG on the coupon surface by adjusting
Vb and the electron beam energy Eb. The easiest way to detect the
occurrence of a primary arc is tomonitor the voltage between point A
and the ground. The vacuum chamber serves as the circuit ground.
We connect the power lines of I1 and V2 through an isolation
transformer (dc of 30 kV) for safety reasons, because Vb is on the
order of kilovolts.
The capacitor Cext simulates the capacitance between spacecraft
body and plasma and the capacitance between an insulator (e.g., a
cover glass) and solar cells that cannot be accommodated inside the
chamber. We have chosen 5 nF for the present work. This
capacitance is big enough to produce an optical ﬂash that is
detectable by a video camera. In a preliminary experiment, we have
conﬁrmed that the capacitance value (i.e., primary-arc energy) has
little effect on TSA duration. Therefore, to minimize the disturbance
associated with the primary-arc current, we have chosen the
minimum capacitance.
The capacitors C1, C2, and C3 simulate the string capacitance and
the face-sheet capacitance. The string capacitance is the capacitance
associated with the differential mode between the two ends of the
string. The face-sheet capacitance is the capacitance between the
solar cells and the conductive substrate through the adhesive and
polymer face sheet. Please see [15] for details regarding the
derivation of these capacitances.
When a primary arc hits the hot string, a large voltagemay develop
between the hot and the RTN strings, due to the primary-arc current
ﬂowing in RL. If the transient voltage is too high, it may block IST at
D1. In reality, a satellite power control unit has a large bus
capacitance, typically on the order of 0.01 F or higher. This
capacitance will act as a bypass capacitance for the high-frequency
components of the primary-arc current.WeusedCBC  0:01 F as the
bypass capacitance. In Table 1, we summarize the circuit values and
the environmental conditions.
Wemainly use four current probes (CP).CP3 measures the current
provided by the external capacitance, which we call the blowoff
current. CP4 measures the current ﬂowing to the substrate to detect
any secondary-arc current ﬂowing between the hot string and the
substrate. CP1 and CP2 are capable of measuring currents of varying
frequencies, starting from dc to ac of 50MHz.When a secondary arc
occurs between the hot and the RTN strings or between the hot string
and the substrate, IST keeps ﬂowing atCP1 but not atCP2. We deﬁne
the arc current by subtracting the current measured at CP2 from the
current measured at CP1. To exclude ambiguity as much as possible
when judgingwhether a given currentwaveform is a secondary arc or
not, we set the criteria for deﬁnition of a TSA as shown in Fig. 7. We
deﬁne the time when the blowoff current decays to less than 10% of
the peak value Ipeak as Tend. We seek the time Tend by tracing the
waveform backward in time. If a current of more than 90% of IST
ﬂows longer than 2 s after Tend, we judge it as a TSA.We deﬁne the
arc duration by the time from Tend to the end of the arc current. We
also seek the end of the arc current by tracing thewaveformbackward
in time.
We show a photograph of the coupon in Fig. 8. Triple-junction
solar cells are laid down on a polyimide sheet covering the aluminum
honeycomb and carbon-ﬁber-reinforced plastic (CFRP) substrate.
The backside of the coupon is covered with a polymer ﬁlm to
suppress unwanted arcs on the CFRP. The side of the coupon on
which aluminum is exposed is also covered by polyimide tape. Each
solar cell is equipped with a corner bypass diode. The coupon has 12
strings made of two cells connected in series. There are nine
interstring gaps. There are three columns of solar cell and three rows
of interstring gaps, as shown in Fig. 8a. The columns are identiﬁed by
R, B, and G. The rows are identiﬁed by a, b, and c. We used the gap
Ga for the present experiment.
The gap that we have tested for in this study has not been used for
other experiments. Its magnitude is 0:97 mm 0:02 mm. In each
experiment, we applyVST andVb to two strings only.We call the gap
with VST an active gap. In the experiment, we covered the metallic
parts, such as the interconnector in areas other than the active gap, by
polyimide tape so that primary arcs will occur mostly in the active
gap.We also focus the electron beam near the active gap. The current
density is 310 mA=m2 at maximum for the beam condition of 5 keV
of energy and 100 A of current. The beam was focused to conﬁne
the location of primary arcs and accelerate their occurrence. The
focused beam gives the electron current density far more than the
Table 1 Summary of circuit values and environmental conditions used in the experiment
Circuit conditions Environmental Conditions
String capacitances Electron beam conditions
C1, nF C2, nF C3, nF Rb,M Cext, nF CBC, F Vb, kV Backpressure, Pa Energy, keV Current, A
27 26 27 10 5 0.01 5 0:7–1:0  103 4:5–5:2 50–120
Fig. 8 Photograph of a test coupon: a) front side, b) back side, and
c) test gap (PET denotes polyethylene terephthalate).
Fig. 7 Deﬁnition of a temporary sustained arc in the present paper.
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value in orbit and may increase the temperature at the gap.
Temperature increase due to the focused electron beam is minimal.
After 20 min of irradiation with these conditions, the coupon
temperature increased by 5	C from room temperature. We carry out
the experiment at room temperature, though the couponwas baked at
70	C 1	C for 2 h before the experiment whenever it was exposed
to the atmosphere. The baking time of 2 h comes from our
experimentation history, though it may not be sufﬁcient to guarantee
a clean surface.
III. Experimental Results
Table 2 summarizes the experimental results. We set VST to 70 V
and IST to 1.0 A. We identiﬁed 170 TSAs from 294 primary arcs.
There was no permanent sustained arc. The maximum TSA duration
was above the range of the oscilloscope.
Figure 9 shows a typical example of the waveform observed and
the opticalﬂash associatedwith the arc. In the picture, the hot string is
at the top and the RTN string is at the bottom. In this case, the primary
arc occurred on the hot string,which is indicated by the initial spike in
the hot out current. The string voltage began to drop after the peak
blowoff current. It became steady and remained at 30 V and the
secondary arc continued. The secondary arc continued for 60 s and
stopped abruptly.
Figure 10 shows all the locations of the TSAs. There are a few
points on the RTN string and outside the gap. These points are due to
ﬂashes too bright to identify their origins accurately. Figure 11 plots
the duration of each TSA against its location along the active gap.
Depending on the location, the degree of data scatter is different.
Figures 12 and 13 show the locations of TSAs with durations longer
than 70 s and pictures of those points taken by an optical
microscope after the experiment. We can see arc spots at the edge of
the room-temperature-vulcanizing (RTV) silicon in regions A, B,
and D. In region C, there is no RTV silicon, but we see an arc spot at
the corner of the hot cell. Figure 14 shows the microscopic
photographs of regions E andF, also indicated in Fig. 12. In regionsE
and F, the data scatter was relatively small compared with regions A,
B, andD. In regions E andF, there is noRTVand the geometry seems
uniform along the gap within the resolution of the pictures.
We now plot the distribution of TSA duration. Among the 170
TSA events, we calculate the fraction of the events having a duration
longer than tarc. The fraction calculated in this way is equal toPtarc,
the probability of the arc having a duration longer than tarc. The
probability reaches unity at tarc  2 s [that is, P2 s  1],
because we set the minimum duration for TSA at 2 s. Figure 15
shows the probability calculated from all of the 170 TSA events. We
exclude TSA events near RTV (as in regions A, B, and D) and near
the cell corners (as in region C). Then 94 data points are left in
Table 2 Summary of experimental results
Number of arcs
On test coupon At test gap only TSA duration, s
Ga VST, V IST, A Test duration, min Total Total PA NSA TSA Minimum Average Maximum Standard
02 70 1.0 174 294 290 92 28 170 2.2 31.8 685 a 72.7
aThe maximum value was over the range of the oscilloscope.
Fig. 9 Typical TSA waveform with short duration and optical ﬂash.
See Fig. 6 for the deﬁnition of probe signals.
Fig. 10 Positions of all TSA identiﬁed by a computer program.
Fig. 11 Relationship between TSA positions along the gap and their
duration.
Fig. 12 Locations of TSAs longer than 70 s.
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Fig. 13 Microscope photographs of the gap with a TSA longer than 70 s after the experiment. The black vertical lines are due to overlay of different
photographs. A, B, C and D correspond to the zones deﬁned in Fig. 13.
Fig. 14 Microscope photographs of regions E, F, and G (see Fig. 12 for deﬁnition) taken after the experiment.
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regions E, F, and G. Figure 16 shows the probability calculated from
the 94 data points. Regions E, F, and G have a similar macroscopic
topography of the gap within the resolution of the pictures. They
have two solar cell edges facing each other with a separation of
970 m 20 m without any RTV silicon adhesive in the gap.
In Fig. 16, we plot the probability distribution of the TSAduration.
The TSA events in regions E, F, and G nicely follow a straight line if
they are plotted logarithmically. The following single equation ﬁts
them well, given by
Ptarc  expft tarcg (3)
where  0:071156. This equation is indeed the Poisson
distribution. The Poisson distribution gives the probability of
observing a number of events in a time interval, when the events are
randomly distributed in time and occur at a constant average rate .
The event in this case is what causes the secondary arc to extinguish.
The probability of seeing no event in the time interval t is given by
Pt  expt. This functional form can also be derived from the
assumption of randomicity, that increasing t decreases the
probability proportionally [17].
We calculate 2 to check how appropriately the probability
distribution given by Eq. (3) represents the data. We divide the
duration from 2 to 130 s into several bins and adjust the width of
each bin to have the same expected number. Then 2 is given by
2 
Xk
1
yi  nPi2
nPi
(4)
where k is the number of bins and Pi is the probability that an event
occurs in the ith bin. The numbern is the number of trials; in this case,
it is the number of data. The degree of freedom is k  2 for the present
case, because the total number of data (94) and  are already
assumed. The value of 2 calculated by Eq. (4) varies depending on
how much the expected value is per bin that we take. When we take
the number to be approximately 16, the value of 2 is 0.128, as listed
in Table 3. From a table of2 distribution, with 4 degrees of freedom,
we cannot deny the hypothesis that the duration follows the
distribution given by Eq. (3) with more than 99.9% signiﬁcance. For
a larger number of bins, when we adjust the bins so that each bin has
an expected value of approximately 9, 2 is 4.061 with 9 degrees of
freedom. This corresponds to 90.8% signiﬁcance.
When all of the 170 TSA events are plotted together, it is difﬁcult
to ﬁt the data into a single exponential function. The data plot in
Fig. 15 looks as if there are two straight lines. The following equation
ﬁts the data points well, given by
Ptarc  P1 expf1t  tarcg 
 1  P1 expf2t tarcg
(5)
where P1  0:11, 1  0:00688, and 2  0:07234. Therefore, the
TSA duration follows a combination of two Poisson distributions.
One Poisson distribution with 2  0:07234 is due to TSAs in
regions E, F, and G, as the number is very close to 0.071156. The
other distribution with 1  0:00688 is due to TSAs in the other
regions involving a peculiar topography such as RTV or cell corners.
We also calculated2 for 170TSAs.Whenwe take the number of the
expected value in each bin to be approximately 10, the value of 2 is
3.881, as listed in Table 4. From a table of 2 distribution, with
12 degrees of freedom, we cannot deny the hypothesis that the
duration follows the distribution given by Eq. (5) with more than
98.6% signiﬁcance.
IV. Discussion
We now consider why the TSA duration follows the Poisson
distribution. There is sufﬁcient experimental evidence to support that
Fig. 15 Probability distribution of TSAduration for all TSAs observed
in the gap.
Fig. 16 Probability of having a duration longer than the value in the
horizontal axis. Only the durations of TSAs observed in regions E, F, and
G (see Fig. 12) have been plotted.
Table 3 Result of2 test of probability distribution given by Eq. (3)
Range of bin, s
Bin no. from to yi nPi yi  nPi2=nPi
1 2.0 4.7 17 16.43 0.0198000
2 4.7 8.0 17 16.23 0.0365000
3 8.0 12.3 16 16.17 0.0017900
4 12.3 18.5 16 16.11 0.0007510
5 18.5 29.8 15 16.05 0.0687000
6 29.8 129.8 13 12.99 0.0000077
Table 4 Result of2 test of probability distribution given by Eq. (5)
Range of bin, s
Bin no. from to yi nPi yi  nPi2=nPi
1 2.0 3.0 12 10.69 0.16053
2 3.0 4.1 11 10.91 0.00074
3 4.1 5.2 9 10.08 0.11571
4 5.2 6.4 10 10.13 0.00167
5 6.4 7.7 12 10.04 0.38263
6 7.7 9.2 7 10.49 1.16112
7 9.2 10.8 9 10.02 0.10383
8 10.8 12.7 11 10.51 0.02284
9 12.7 14.8 11 10.08 0.08397
10 14.8 17.3 11 10.21 0.06113
11 17.3 20.3 13 10.10 0.83267
12 20.3 24.1 7 10.10 0.95149
13 24.1 29.3 10 10.15 0.00222
14 29.3 37.3 10 10.06 0.00036
15 37.3 54.5 10 10.02 0.00004
16 54.5 154.5 10 9.871 0.00169
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a secondary arc on a solar array is classiﬁed as a low-current dc
vacuum arc, though it contains complex structures such as a
substrate, a cover glass, etc., compared with a simple geometry made
by a set of cathodes and anodes.Work by Schneider et al. [18] shows
that the substrate is not necessary for secondary-arc occurrence.
Amorim et al. [19] found a crater on the cathode surface on a test
coupon that was similar to a solar array. The crater resembled the
craters often found as cathode spots in vacuum-arc studies. The
occurrence of secondary-arc extinction may be explained by the
motion of cathode spots, for which there already exists a great deal of
literature, both theoretical and experimental in nature (see [20] and
references therein). Recent progress in high-speed video-camera
technology revealed fragments of cathode spots and displacement of
the fragments with a time scale of a few nanoseconds, although most
of the previous work was carried out for a current much larger than
that of the present arc (1 A). A cathode spot of 70 A comprises 7
fragments [20]. More subfragmentations of the fragment will be
found as the work progresses.
Figure 17 shows an example of a current waveform taken in a
laboratory experiment [2] with a setup similar to the present work but
with a different test coupon. The arc current of nearly 1 A ﬂows for a
time longer than 20 s, but is very oscillatory. At 31:5 s, the
current abruptly drops to zero. The oscillation after 31:5 s is due to
the low bandwidth of the current probe used to measure the current.
The abrupt extinction of the arc current resembles the termination of
a vacuum-arc current seen in previous literature [21]. The fact that the
fragments move around on the cathode surface indicates that
cathode-spot fragments carry the arc current, repeating the process of
ignition and extinction. Reignition succeeds with a certain
probability and the probability depends on many parameters,
microscopic (surface condition) aswell asmacroscopic (gap voltage,
length, and current). In a series of trials, the failure of each trial is
given by a probability. Then the duration should follow statistics
given by an exponential formula, as it is a binominal probability
density function. The failure (arc extinction) occurs with a random
probability of  per unit time. If the probability depends mostly on
macroscopic properties, not cathode surface morphology, we can
deﬁne a single number of  for each set of the macroscopic
properties. The process is the Poisson process and the probability is
proportional to expt.
We have seen that TSA duration follows the Poisson distribution
when we look at arcs occurring at places of similar macroscopic
topography of the gap. Onemight argue that this is just a coincidence
speciﬁc to the test specimen. In Fig. 18, we show the distribution of
TSA duration observed in another experiment. In that experiment, a
coupon similar to the one shown in Fig. 9 but made of a silicon solar
cell with a gap of 0.5 mm was tested in a chamber ﬁlled with a low-
temperature Xe plasma (1 eV temperature, 2–3  1012 m3 density
and 3:7  103 Pa backpressure). The coupon was biased to a
negative voltage of 600 to 1200 V with respect to the chamber
wall ground. The external capacitance was adjusted so that the
capacitance could provide 22.5 mJ at maximum. The gap voltage
was 100 V and the string current was 1.0 A. We observed 219 TSAs
from a total of 362 primary arcs during the experiments. To
concentrate the primary arcs in the active gap, we covered every
conductive surface except the active gap with polyimide tape. The
probability distribution can be ﬁtted by a combination of three
Poisson distributions:
Fig. 17 Example of a secondary-arc current near termination.The rightﬁgure is an enlargement of awaveformnear the termination pointwith ahigher
time resolution (1 ns sampling with dc to 50 MHz bandwidth).
Fig. 18 Probability distribution of TSAduration for all TSAs observed in an additional experiment in which a Si solar cell gap of 0.5mmwas tested in a
low-temperature plasma environment with a string voltage of 100 V and a string current of 1.0 A. The left ﬁgure is an enlargement of a shorter duration
(less than 100 s).
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Ptarc  P1 expf1t tarcg 
 P2 expf2t  tarcg

 1  P1  P2 expf3t tarcg (6)
where P1  0:318, P2  0:506, 1  0:1526, 2  3:3080  102,
and 3  2:2468  103 with time tarc in microseconds. When we
calculate the value of 2 by deﬁning bins so that each bin contains
approximately 11 data points, its value becomes 5.528 and its
signiﬁcance is more than 97.7%. Therefore, the result described in
the previous section is not speciﬁc to the test sample, but is applicable
to a different test sample (Si) and test environment (plasma).
We speculate that the probability is ﬁtted by multiple Poisson
distributions rather than a single distribution function, because the
gap is not really uniform microscopically. Some part may involve
corners and some part may involve RTV silicon rubber. Even if they
look identical in a microscopic photograph, as in Fig. 15, there may
still be differences such as the amount of RTVunderneath the cells. It
is rather surprising to see that, after considering all the possible
differences, the probability can still be characterized by a
combination of two or three Poisson distributions.
We have seen that the distribution of TSA duration can be ﬁtted
verywell by a combination of Poisson distributions. Onceweﬁnd the
Poisson distribution that ﬁts the test results with more than an
appropriate signiﬁcance level, we can deﬁne the probability to have a
TSA longer than the critical TSA duration tc. For example, we
consider tc  1 ms in Eq. (5). Then the probability of having a TSA
longer than tc is 1:15  104. Suppose that the expected number of
primary arcs in orbit is 36,000 in 15 years. If all of the primary arcs
occur at the active gap of 70V and every primary arc becomes aTSA,
the expected number of TSAs longer than tc  1 ms is equal to 4.14.
Because the transition probability from a primary arc to a TSA is less
than unity, the number can be reduced further. Indeed, the transition
probability for the present test conditions was 170=294. Also, we can
count on the fact that primary arcs distribute randomly over a solar
array. The probability of primary-arc inception at the active gap is
rather small compared with the probability at the interconnector and
other active gaps with much lower voltage than 70 V. Therefore, we
can conclude that the expected number of TSAs longer than 1 ms is
less than unity. We can apply a similar logic to the results with a Si
coupon. In this case, the probability of a TSA longer than 1 ms is
0.0186. Then the expected number of TSAs in orbit is 670 at
maximum. This number is probably even too high to accept.
Therefore, wewould recommend not designing aSi solar arraywith a
gap of 0.5 mm, a maximum solar cell gap voltage of 100 V, or a
circuit current of 1.0 A.
Note that although the probability of having a TSA longer than
1 ms is derived as 1:15  104 for the ﬁrst case from the
extrapolation, there is still a chance ofmisjudging the probability. As
we can see in Fig. 15, the data points deviate from the derived curve at
a duration longer than 150 s. The true probability may be 5  103
in the worst case if the probability becomes ﬂat after t > 500 s.
That is the risk associated with deriving the probability by
extrapolating the equation. The ﬁrst term of Eq. (5), P1  0:11 and
1  0:0068, is responsible for theﬁt at the longer duration. For these
parameters to well represent the probability distribution near 1 ms,
there must be a signiﬁcant-enough number of data points to derive
the parameters. This point is further discussed at the end of this
section.
We now consider the experimental trials of a secondary-arc test. If
we extrapolate the formula of the Poisson distribution to demonstrate
the probability of a TSA longer than tc being less thanPd, the number
of trials (secondary arcs) necessary is the number required to derive
the approximate formula. On the other hand, if we try a simple yes/no
test to demonstrate the same thing, the number of trials (primary arc)
is given by Eq. (2). For example, it is 30,000 for the case of
Pd  1  104 andPc  0:95. We discuss howmuch we can reduce
this number by using the Poisson distribution.
When the probability ﬁts to a single Poisson distribution, we can
use the t distribution. Note that t does not represent the time here.
When the probability of having a duration longer than tarc is given by
exptarc, the probability of having a duration between tarc and
tarc 
 dtarc is  exptarcdtarc. Then the average value of the
duration is given by
t arc 
Z 1
0
tarc exptarcdtarc  1 (7)
The variance of tarc is given by
V 
Z 1
0
tarc  tarc2 exptarcdtarc  12 (8)
We assume a hypothesis that the average duration tarc from nTSAs is
equal to the true mean value of the duration, . Then the following
variable obeys t distribution with a degree of freedom of n  1:
t tarc  
V=n
p (9)
If the variable t is in the shaded area of Fig. 19, it occurs with a
probability of Pt given by the area below the curve. If Pt is a very
small number (for example, 0.05), it means that a very rare event has
occurred and we have to deny the hypothesis. On the other hand, if
the variable t is not in the shaded area,we cannot deny the hypothesis.
We write the value of twith a probability ofPt=2 for n  1 degree of
freedom as tn  1; Pt. The value of, where the hypothesis cannot
be denied with the conﬁdence level of 1  Pt, is deﬁned in the
following range:
jtarc  j< tn  1; Pt

V
n
r
(10)
Then the equation for the interval estimation regarding the true mean
value  (i.e., 1=) is given by
t arc  tn  1; Pt

V
n
r
   tarc 
 tn  1; Pt

V
n
r
(11)
We are interested in the largest , which is the smallest . If the
requirement is to show that the probability of a TSA duration
exceeding tc is less than Pd, then the smallest  must be
 >1=tc ln Pd; that is,
 <
tc
 ln Pd (12)
This means that the true mean value must be much less than the
maximum duration acceptable. For Pd on the order of 10
4 or less,
themean valuemust be less than tc by 1 order ofmagnitude. Then the
upper limit of the interval estimation must satisfy
Fig. 19 Example of t distribution (degree of freedom is 10). The area
below the curve represents a probability.
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t arc 
 tn  1; Pt

V
n
r
<
tc
 ln Pd (13)
We can approximate the variance V by t2arc. Then,
tn  1; Pt
n
p < 1 ln Pd
tc
tarc
 1 (14)
In Fig. 20, we plot the number n that satisﬁes Eq. (14) for various
ratios of tarc to tc withPt  0:05 andPd  1  105 or 1  104. For
a given tarc, we need at least the plotted value of trials to prove that
Eq. (12) holdswith a conﬁdence level of 1  Pt.When the average of
the duration tarc obtained from the test is much smaller than tc, we do
not require many data points to prove that the true mean value  is
much smaller than tc, and we can safely conclude that having a TSA
with a duration exceeding tc is smaller thanPd. As the average of the
duration tarc increases, however, the risk of misjudging that the true
mean is within the safe zone increases. We have to narrow the
uncertainty of  inferred from tarc by increasing the number of data
points n.
From Fig. 20, we can conclude that as long as the average TSA
duration obtained from the experiment is less than 5% of tc, the
required number of data points is 10 or less. On the other hand, if
the average is more than 5%, the number increases very sharply. If
the average tarc is 10% of tc, the probability of having a TSA longer
than tc is exp10  4:5  105. Although the probability itself is
very small, we need to have many data points to have enough
conﬁdence. This applies to the result shown in Fig. 15, in which the
arc duration beyond 100 s was characterized by 1  0:0068,
which meant 147 s as the average.
We now compare the number ofminimumdata points based on the
Poisson distribution, which is given by Eq. (14), and the number of
data points necessary based on the simple yes/no test, which is given
by Eq. (2). In Table 5, we list the number of trials required to
demonstrate that a probability of having a TSA longer than tc is less
than Pd with several conﬁdence levels Pc. In Table 6, we list the
number of TSA-duration data points necessary to demonstrate that
the average TSA duration tarc is the true mean value of the Poisson
distribution predicting that the probability of giving a TSA longer
than tc isPd with the same conﬁdence level as the yes/no test.We list
two cases in which tarc is 5 and 10% of tc. When the average duration
is 5% of the critical arc duration, we only need less than 10 TSAs for
most of the cases. This amounts to huge savings in test costs. Even
when the average arc duration is 10%, the number of data points
required is still less than the yes/no test by 2 orders of magnitude.
V. Conclusions
There is a strong demand for a proper testmethod of secondary-arc
phenomena on satellite solar arrays. The international atmosphere
surrounding commercial GEO satellites demands an international
standardization of test methods. It has always been a subject of
dispute as to howmany primary arcs are necessary to qualify a given
design of solar arrays for its immunity against secondary arcs.
According to the previous charging simulation study, we should
expect thousands or tens of thousand of primary arcs during the
operational lifetime in orbit. As the underlying physics of arc
discharge inherently involves probability, the result of a solar array
ESD testmust be accompanied by statistical interpretations of the test
results. Designing a spacecraft system often involves judgments
based on statistical data. The role of a testing institution carrying out
ESD tests is to provide the system designers a probability with a
certain conﬁdence level of secondary arcs that may endanger
spacecraft operation.
In the designing of a spacecraft, not every secondary arc is
dangerous. A secondary arc that may terminate itself within a limited
time frame may not damage the insulation of a solar array string
circuit. Experience tells us that once we begin to see TSA duration of
1 ms or longer, it is only a matter of time before we observe a PSA
with the same condition. Therefore, by limiting the probability of a
TSAwith a duration longer than the critical TSA duration tc below a
certain level, we can declare that the solar array design is safe from
insulation failure caused by secondary arcs.
In the present paper, we have carried out an ESD experiment to
ﬁnd a probability distribution function for TSA duration. We have
found that the secondary-arc duration between solar cells can be
ﬁtted well by a combination of Poisson distributions. The reason that
it obeys the Poisson distribution is a matter for further investigation,
although the microscopic motion of cathode spots and their
reignition process probably gives the nature of the Poisson process.
Once we know the Poisson distribution formula for a given solar
array gap, we can estimate the expected number of TSAs for which
the duration exceeds the dangerous level. What we need now is to
have an appropriate number of data samples regarding TSA
durations to deﬁne the formula of the Poisson distribution. If TSA
duration obeys a single Poisson distribution, expt, its average
value is equal to 1= and the variance is equal to 1=2. Using a
Fig. 20 Number of data points necessary to prove that the probability
of aTSAwith a duration longer than 1ms is less than a speciﬁed value for
different average values obtained from the test.
Table 5 Number of trials required to demonstrate that
the probability of having aTSA longer than tc is less thanPd
with a conﬁdence level of Pc based on Eq. (2)
Defect rate Pd
Conﬁdence level, Pc 0.001 0.0001 0.00001
0.99 4,603 46,049 460,515
0.95 2,301 29,956 299,572
0.9 2,994 23,025 230,257
Table 6 Number of TSA-duration data points necessary to deﬁne the Poisson distribution based onEq. (14)
Defect rate Pd
0.001 0.0001 0.00001
Conﬁdence level, Pc tarc  0:05tc tarc  0:1tc tarc  0:05tc tarc  0:1tc tarc  0:05tc tarc  0:1tc
0.99 6 37 9 907 16 >3000
0.95 4 22 6 526 10 >3000
0.9 3 16 5 370 7 >3000
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statistical theory regarding t distribution, we can carry out the
interval estimation regarding the true mean value 1= from the
average value obtained from the test data. This method enables us to
estimate howmany data points are necessary to predict  accurately.
When the observed average of TSA duration is less than 10% of the
critical duration, the required number of data points is much less than
the number of trials required for a simple yes/no test.
The secondary-arc test consists of two parts: a qualiﬁcation test
and a characterization test. The qualiﬁcation test is to qualify that the
design is safe from a PSA under operational conditions. The
characterization test is to gather various data regarding secondary
arcs that include derivation of the probability distribution of TSA
duration.When the average value of TSA duration obtained from the
test is less than 5% of the maximum allowable duration (i.e., 1 ms),
the number of trials can be 10 or less. Therefore, if we see that the
average value of 10 initial TSAs during the qualiﬁcation test is less
than 5% of the maximum allowable duration, we can pass the
qualiﬁcation test, saving a great amount of time. On the other hand,
when the average duration is 10% ormore of the critical arc duration,
it is recommended that the characterization test be carried out to
gather enough data points before we pass the qualiﬁcation test. The
fact that we needed a combination of multiple Poisson distributions
to describe the test results may also mean that a test is required to
characterize the statistics of secondary-arc duration.
The future task is to investigate what parameters determine the
value of  in the Poisson distribution. There are several macroscopic
parameters that may affect , such as the current, voltage, surface
conditions, and primary-arc energy. A higher current gives a longer
secondary arc (i.e., smaller ). We need further studies regarding the
other parameters. Knowing the dependence would lead to the
improvement of solar array design for secondary-arc protection.
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